The interferon-α (IFNα)--inducible cellular protein tetherin is a novel human immunodeficiency virus (HIV) restriction factor, which inhibits the release of progeny virions from infected cells \[[@bib1], [@bib2]\]. The antiviral action of tetherin is counteracted by the HIV-1 accessory viral protein U (Vpu), which is required for efficient release of HIV-1 from tetherin-expressing cells \[[@bib2]\]. Thus, tetherin might constitute a potent barrier against Vpu-deficient HIV-1, and the molecular mechanism underlying tetherin inhibition by Vpu might be a target for therapeutic inhibition \[[@bib3]\].

Ebola virus (EBOV) and Marburg virus (MARV) are enveloped, negative-stranded RNA viruses that comprise the family *Filoviridae*. Outbreaks of filoviral hemorrhagic fever occur sporadically and unpredictably in central Africa \[[@bib4]\]. The viral VP40 protein drives budding of progeny particles from infected cells \[[@bib5]\], and the release of VP40-based virus-like particles (VLPs) was shown to be inhibited by tetherin \[[@bib6], [@bib7]\]. Tetherin-dependent inhibition of viral release was counteracted by the coexpression of the EBOV glycoprotein (GP) \[[@bib8]\], indicating that EBOV, like HIV, is targeted by tetherin and has countermeasures available to ensure efficient viral release from tetherin-positive cells. In fact, several enveloped viruses, including retro-, arena-, filo-, and herpes viruses are inhibited by tetherin and evolved strategies to counteract tetherin's antiviral activity \[[@bib6], 9--14\].

Tetherin is a type II transmembrane protein that encodes an N-terminal transmembrane domain and a C-terminal glycosylphosphatidylinositol anchor, and is thus able to span membranes twice \[[@bib15]\]. This property is believed to be essential for tetherin's antiviral activity, since recent evidence suggests that tetherin is active as a parallel homodimer, which inserts 1 pair of membrane anchors into the cellular membrane and the other pair into the viral membrane \[[@bib16]\], thereby tethering progeny particles to the cell surface \[16--19\]. Vpu was shown to downregulate tetherin from the cell surface \[[@bib20], [@bib21]\] and to target it for proteasomal \[[@bib21], [@bib22]\] or lysosomal \[[@bib23]\] degradation, thereby preventing tetherin from accumulating at the site of viral budding. In contrast, it is at present unknown how EBOV-GP counteracts tetherin.

Here, we show that the inhibition of tetherin is conserved between the GPs of EBOV and MARV, and might involve the interaction of tetherin with the GP2 subunit of GP. In addition, we demonstrate that EBOV-GP can counteract tetherin without downregulating its cell surface expression, indicating that EBOV-GP has evolved a novel mechanism to antagonize tetherin.

METHODS
=======

Cell Culture and Transfection
-----------------------------

Human embryonic kidney 293T and HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and antibiotics. A 293 cell line expressing tetherin in a tetracycline-inducible manner was generated as previously described \[[@bib24]\]. All cells were grown at 37°C in humidified atmosphere containing 5% CO~2~. The 293T cells were transfected by the calcium phosphate method; HeLa cells were transfected with Lipofectamine 2000 (Invitrogen).

Expression Vectors
------------------

Plasmids encoding HIV-1 Gag (p55) \[[@bib25]\], Vpu \[[@bib26]\], ZEBOV-GP (*Zaire ebolavirus*, Mayinga strain), SEBOV-GP (*Sudan ebolavirus*, Boniface strain), ZEBOV-GP with C-terminal V5-tag, and MARV-GP (*Lake Victoria Marburgvirus*, Musoke strain) were described previously \[[@bib27], [@bib28]\]. BEBOV-GP (Bundibugyo virus, GenBank FJ217161) was amplified from viral RNA and cloned into plasmid pCAGGS. The plasmid encoding Kaposi's sarcoma--associated herpes virus (KSHV) K5-protein was previously described \[[@bib29]\]. The generation of pCR3.1 plasmids encoding tetherin from human and nonhuman primates was described elsewhere \[[@bib30], [@bib31]\]. The expression plasmids for Vpu-YFP and tetherin-CFP fusion proteins were described previously \[[@bib32], [@bib33]\], and plasmids encoding EBOV-GP-YFP fusion proteins were generated by the same cloning strategy \[[@bib32]\]. All PCR-derived inserts were sequenced to confirm sequence identity.

Antibodies
----------

A previously described monoclonal antibody against human tetherin was used for fluorescence-activated cell sorting (FACS) and for immunofluorescence analyses \[[@bib34]\]. For FACS experiments, a Cy5-coupled secondary antibody (Dianova) was employed; isotype-matched controls were from R&D Systems. A fluoresceinisothiocyanate (FITC)-labeled anti-V5 antibody (Invitrogen) and a secondary Rhodamine RedX goat antimouse antibody (Dianova) were used for immunofluorescence. Rabbit antihuman tetherin serum \[[@bib35]\] was used for Western blot. For immunoprecipitation studies, monoclonal anti-GFP (Roche) and M2-anti-FLAG-HRP antibodies (Sigma) were used. An anti-p24 hybridoma supernatant (183-H12-5C) was used for p55-Gag detection by Western blot. Goat antimouse- and antirabbit-HRP antibodies (Dianova) were used for protein detection by Western blot.

VLP Release Assay
-----------------

The 293T cells seeded in 6-well plates were cotransfected with plasmids encoding Gag or VP40, tetherin, and either Vpu or filovirus GPs or KSHV-K5 or cotransfected with empty vector. Forty-eight hours after transfection, supernatants were cleared from debris and centrifuged through 20% sucrose at 21 100 g. The pelleted VLPs, and producer cells harvested in parallel, were lysed in SDS-loading buffer and analyzed by Western blot.

PNGase F Digestion of Cell Lysates
----------------------------------

Cells were resuspended in TNE buffer and subsequently incubated in glycoprotein denaturing buffer at 95°C for 15 minutes. Thereafter, NP-40, G7 reaction buffer, and PNGase F (New England Biolabs) were added, and the samples further incubated for 1 hour at 37°C before mixing with 2 x SDS-loading buffer.

Flow Cytometric Analysis of Tetherin Expression
-----------------------------------------------

For analysis of tetherin surface expression, 293T cells seeded in 6-well plates were cotransfected with plasmids encoding tetherin and the specified viral proteins or cotransfected with empty plasmid. Alternatively, tetherin expression in 293T cells was induced by IFNα (Sigma) before transfection and further maintained in the presence of IFNα. Finally, HeLa cells, which express endogenous tetherin, were transfected with plasmids encoding viral proteins or empty vector. After 48 hours, the cells were detached, stained, and analyzed by flow cytometry using a Cytomics FC500 flow cytometer (Beckman Coulter).

Immunofluorescence
------------------

HeLa cells transfected with plasmids encoding Vpu-YFP fusion protein or ZEBOV-GP C-terminally tagged with V5 or control vector were fixed with 4% paraformaldehyde and incubated with 50 mM ammonium chloride for quenching. Samples were permeabilized with 0.2% Triton-X 100 and subsequently blocked with 3% bovine serum albumin (BSA) followed by incubation with primary and secondary antibodies. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Images were acquired with a Zeiss Observer Z1 microscope.

FACS-Based FRET and Confocal Microscopy
---------------------------------------

FACS--fluorescence resonance energy transfer (FRET) measurements were performed as described previously \[[@bib32]\]. Briefly, transfected 293T cells were assayed for FACS-FRET analysis in a FACSAria cytometer (BD Bioscience). For enhanced cyan fluorescent protein (ECFP) and FRET measurements, cells were excited with a 405-nm laser and ECFP emission was collected with a standard 450/40 filter, while FRET was measured with 529/24 filter (Semrock). For enhanced yellow fluorescent protein (EYFP) measurement, cells were excited with a 488-nm laser and emission was collected with a 529/24 filter (Semrock). At least 1000 ECFP/EYFP--positive cells were analyzed for FRET. To assess subcellular localization via confocal microscopy, cells were grown on coverslips and mounted on microscope slides. Imaging was done with a Zeiss LSM510 Meta microscope. Maximum intensity projection and 3D surface reconstruction of stacks were done with the Bitplane Imaris software (version 6.4).

*Zaire Ebolavirus* Infection
----------------------------

The 293 cells, seeded in 12-well plates and tetracycline-induced to express tetherin, were infected with ZEBOV (Mayinga strain) at a multiplicity of infection (MOI) of 0.01. After 1 hour, the inoculum was removed and the cells cultured in fresh medium supplemented with tetracycline. After 24 hours, culture supernatants and cells were collected, lysed in 4% sodium dodecyl sulfate (SDS) loading buffer, boiled for 15 min, and removed from the biosafety level 4 (BSL4) laboratory for Western blot analysis in BSL2, according to standard operating protocols. All ZEBOV experiments were performed in the high-containment facility at the Integrated Research Facility, Division of Intramural Research (DIR), National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), in Hamilton, Montana, USA.

RESULTS
=======

Tetherin Counteraction Is Conserved Between the Glycoproteins of Ebola and Marburg Virus
----------------------------------------------------------------------------------------

The GP of the EBOV species Zaire (ZEBOV) was previously shown to inhibit tetherin \[[@bib8]\]. We asked if the ability to counteract tetherin was conserved between the GPs of different EBOV species and MARV-GP. For this, we transiently coexpressed HIV-1 Gag (which drives the release of VLPs), human tetherin, and filovirus GPs in 293T cells and determined Gag levels in cell lysates and cellular supernatants. In the absence of tetherin, coexpression of filovirus GPs or HIV-1 Vpu had no effect on Gag levels in cell lysates and culture supernatants ([Figure 1*[A](#fig1){ref-type="fig"}*](#fig1){ref-type="fig"}). When tetherin was coexpressed with Gag, the amount of Gag in cellular supernatants (but not in cell lysates) was markedly reduced, and the inhibition of Gag release was rescued by Vpu and ZEBOV-GP ([Figure 1*[A](#fig1){ref-type="fig"}*](#fig1){ref-type="fig"}), in agreement with previous studies \[[@bib1], [@bib8]\]. The GP of the *Sudan ebolavirus* species (SEBOV), the GP of the proposed species *Bundibugyo ebolavirus* (BEBOV), as well as MARV-GP were also able to counteract tetherin ([Figures 1](#fig1){ref-type="fig"}*[A](#fig1){ref-type="fig"}* and 1*[B](#fig1){ref-type="fig"}*).

![Counteraction of tetherin by Vpu but not the Ebola virus glycoprotein is species specific. *A*, Plasmids encoding HIV-1 p55 Gag and GPs from the indicated EBOV species or Vpu were cotransfected into 293T cells in the presence and absence of plasmids encoding tetherin derived from the indicated species. The presence of p55-Gag in cell lysates and supernatants was subsequently determined by Western blot. Detection of β-actin served as loading control. Similar results were obtained in 2 to 4 independent experiments. agm, African green monkey; rm, rhesus macaque. *B*, The experiment was conducted as in (*A*), but the anti-tetherin activity of ZEBOV-GP, MARV-GP, BEBOV-GP, and Vpu was tested. The results of representative single gels from which irrelevant lanes were excised are shown in (*A*) and (*B*).](infdisjir378f01_ht){#fig1}

Ebola Virus Glycoproteins But Not Vpu Are Active Against Tetherin Alleles From Nonhuman Primate Species
-------------------------------------------------------------------------------------------------------

We next investigated if EBOV-GPs were able to counteract tetherin alleles from rhesus macaque, African green monkey, and gorilla, all of which develop severe disease upon EBOV infection \[[@bib36], [@bib37]\]. ZEBOV-GP and SEBOV-GP, which were active against human tetherin, also counteracted the tetherin alleles from all primate species tested ([Figure 1](#fig1){ref-type="fig"}*[A](#fig1){ref-type="fig"}*), and similar results were obtained for MARV-GP and BEBOV-GP (data not shown). In contrast, Vpu was only active against gorilla tetherin ([Figure 1*[A](#fig1){ref-type="fig"}*](#fig1){ref-type="fig"}), as expected \[[@bib10], [@bib30], [@bib31], [@bib38]\]. Collectively, EBOV-GP and Vpu exhibit different activities against primate tetherin alleles and might thus target tetherin differently.

Ebola Virus Glycoproteins Counteract Endogenous Tetherin, and Tetherin Expression Modestly Reduces Release of *Zaire Ebolavirus*
--------------------------------------------------------------------------------------------------------------------------------

ZEBOV-GP and SEBOV-GP as well as Vpu augmented the release of VLPs from HeLa cells ([Figure 2*[A](#fig1){ref-type="fig"}*](#fig2){ref-type="fig"}), which express endogenous tetherin (see below). A modest inhibition of ZEBOV release by high levels of tetherin would suggest that tetherin could restrict viral spread in vivo and might thereby force the virus to have appropriate defenses in place. To address this possibility, we employed replication-competent ZEBOV for infection of 293 cells expressing tetherin upon induction with tetracycline. Tetherin expression consistently resulted in a slight decrease in VP40 release into culture supernatants and a slight increase in VP40 levels in cell lysates ([Figures 2*[B](#fig2){ref-type="fig"}* and 2*[C](#fig2){ref-type="fig"}*](#fig2){ref-type="fig"}), indicating that tetherin was indeed able to diminish ZEBOV release under the conditions tested.

![Evidence for an impact of tetherin on release of replication competent *Zaire ebolavirus*. *A*, The impact of EBOV-GPs on the release of p55-Gag from HeLa cells, which express endogenous tetherin (see [Figure 4](#fig4){ref-type="fig"}), was assessed via cotransfection of plasmids encoding HIV-1 p55-Gag and the GPs of the indicated EBOV species or Vpu. The results were confirmed in 2 independent experiments. *B*, Tetherin expression on transiently transfected 293T cells and on tetracycline-induced 293-tetherin cells was detected by flow cytometry. The average of 3 independent experiments is shown; error bars indicate standard error of the mean (SEM). *C*, Tetherin expression by 293-tetherin cells was induced by treatment with tetracycline, the cells infected with ZEBOV at a MOI of 0.01, washed, and VP40 present in culture supernatants and cell lysates detected by Western blot. The intensities of the signals measured by Western blot were quantified by Image J software and are shown relative to the signal measured for the lysates of uninduced cells. Similar results were obtained in an independent experiment and with 293T cells transiently expressing tetherin upon transfection.](infdisjir378f02_ht){#fig2}

Tetherin Interacts With the GP2 Subunit of the *Zaire Ebolavirus* Glycoprotein
------------------------------------------------------------------------------

We next sought to investigate if EBOV-GP, like Vpu, interacts with tetherin. For this, we employed a previously described FACS-based FRET assay \[[@bib32]\]. To measure FRET signals elicited upon ZEBOV-GP and tetherin contact, we employed a CFP-tetherin fusion construct \[[@bib32], [@bib39]\] and fused YFP to the C-terminus of ZEBOV-GP or to the C-terminus of the isolated ZEBOV-GP surface unit, GP1, and the isolated transmembrane unit, GP2, respectively. Analysis of 293T cells expressing a CFP-YFP fusion protein as a positive control revealed a robust FRET signal ([Figure 3*[A](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}), as expected \[[@bib32]\]. In contrast, no appreciable FRET signal was detected upon coexpression of CFP-tetherin with C-terminally tagged ZEBOV-GP, GP1, or GP2 ([Figure 3*[A](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}). Confocal microscopy of transfected cells revealed that ZEBOV-GP-YFP was located in intracellular vesicles and at the plasma membrane, as expected, while GP1-YFP was diffusely distributed in cells and GP2-YFP was mainly detected in subcellular dot-like structures with a smaller proportion at the plasma membrane ([Figure 3*[B](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}). Upon coexpression of tetherin, ZEBOV-GP-YFP relocalized to some extent to intracellular structures with partial tetherin-colocalization ([Figure 3*[C](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}). In contrast to this, EBOV-GP1-YFP did not show pronounced tetherin-colocalization, whereas GP2 seemed to accumulate together with tetherin ([Figure 3*[C](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}). A 3D reconstruction of z-stacks and maximum intensity projections revealed that GP2-YFP folds into pockets of a larger tetherin accumulation ([Figure 3*[D](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}, *upper panel*). Therefore, we considered the possibility that in our experimental setup, spatial constraints (particularly a separating cellular membrane) might impede detection of tetherin interactions with GP2 by FRET. To address this, we swapped the YFP-tag of GP2 to the N-terminus and indeed measured a robust FRET signal in 293T cells cotransfected with CFP-tetherin ([Figure 3*[A](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}). As expected, the YFP-GP2 showed a more pronounced membrane staining, because the N-terminal YFP tag is on the extracellular site of the transmembrane protein ([Figure 3*[B](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}). Upon coexpression with tetherin, the YFP-GP2 fusion protein was found inside the cell and strongly colocalized with tetherin ([Figures 3](#fig3){ref-type="fig"}[*[C](#fig3){ref-type="fig"}* and](#fig3){ref-type="fig"} 3*[D](#fig3){ref-type="fig"}*, *lower panel*). Finally, we assessed if tetherin interactions with ZEBOV-GP2 could be demonstrated in a different experimental system. Coimmunoprecipitation studies revealed that tetherin was able to pull down ZEBOV-GP and ZEBOV-GP2 but not ZEBOV-GP1 ([Figure 3*[E](#fig3){ref-type="fig"}*](#fig3){ref-type="fig"}), supporting our conclusion that tetherin interacts with the GP2 subunit of ZEBOV-GP.

![The GP2 subunit of the Ebola virus glycoprotein interacts with tetherin. *A*, FACS-based FRET analysis of 293T cells transfected with EBOV-GP-YFP fusion proteins and CFP-tetherin (CD317). Mean and SD are derived of 2 independent experiments with duplicate transfections. *B*, Confocal images of 293T cells transfected with the EBOV-GP-YFP fusion proteins only, or (*C*) cotransfected with CFP-CD317. *D*, Maximum intensity projection and 3D surface reconstruction of the cropped regions indicated in (*C*). CFP is shown in red and YFP in green. *E*, Coimmunoprecipitation of the GP2 subunit and tetherin. The 293T cells were transfected with EBOV-GP-YFP fusion proteins and FLAG-tagged tetherin. Anti-GFP antibody was used for immunoprecipitation, and anti-FLAG and anti-GFP antibodies for Western blot analysis of immunoprecipitates (top panel) and cell lysates (middle and bottom panels).](infdisjir378f03_3c){#fig3}

Differential Interference of Filovirus Glycoproteins and Vpu With Tetherin Expression
-------------------------------------------------------------------------------------

It was previously shown that Vpu and the K5 protein of KSHV negatively regulate tetherin expression \[[@bib13], 21--23, [@bib40]\]. We compared the impact of filovirus GPs, Vpu, and KSHV-K5 on tetherin expression in tetherin-transfected 293T cells, IFNα-induced 293T cells, and HeLa cells, which express endogenous tetherin. FACS analysis was utilized to quantify surface-expressed tetherin, while Western blot analysis was used to determine the total amount of tetherin. Expression of Vpu profoundly reduced total tetherin expression in transfected and IFNα-induced 293T cells ([Figures 4*[A](#fig4){ref-type="fig"}* and 4*[B](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}, *right panels*), and in the latter cells, the reduced expression of total tetherin translated into a marked reduction of surface-expressed tetherin ([Figure 4*[B](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}, *left panel*). In fact, the degree of tetherin downregulation when transiently expressed in transfected 293T cells was likely much more pronounced than suggested by the mock control in [Figure 4*[A](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}. Thus, tetherin surface expression was consistently higher in cells coexpressing the murine leukemia virus envelope protein (which does not antagonize tetherin \[[@bib41]\]) compared with cells in the mock control, likely because of efficient sequestration of transcription factors by the empty plasmid used as mock control. Markedly diminished surface expression of tetherin was also observed in Vpu-transfected HeLa cells, but the decrease in surface tetherin levels was not paralleled by a marked decrease in total tetherin expression ([Figure 4*[C](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}, *right panel*), in agreement with previously reported findings \[[@bib42]\].

![The Ebola virus glycoprotein does not interfere with robust tetherin expression.\
*A*, Plasmids encoding for the GPs of the indicated filoviruses, KSVH-K5, or Vpu and a tetherin expression plasmid were cotransfected into 293T cells. As control, the cells were transfected with tetherin expression plasmid and empty vector. At 48 hours posttransfection, surface expression of tetherin was determined by FACS (*left panel*) and tetherin levels in cell lysates were determined by Western blot (*right panel*). The FACS data represent the average of 7 independent experiments (4 for MARV-GP, 11 for MLV envelope protein); error bars indicate SEM. *B*, The 293T cells were treated with IFN-α to induce tetherin expression and transfected with the plasmids encoding Vpu, KSHV-K5, or the GPs of the indicated filoviruses. Tetherin levels on the cell surface (*left panel*) and in cell lysates (*right panel*) were determined by FACS analysis and Western blot, respectively. The FACS data represent the average of 6 independent experiments (4 for MARV-GP); error bars indicate SEM. *C*, HeLa cells, which express endogenous tetherin, were transfected with plasmids encoding Vpu, KSHV-K5, or the GPs of the indicated filoviruses, and tetherin levels on the cell surface (*left panel*) and in cell lysates (*right panel*) were determined by FACS analysis and Western blot, respectively. The FACS data represent the average of 8 independent experiments (3 for MARV-GP); error bars indicate SEM. For all FACS experiments, geometric mean channel fluorescence was determined, background corrected (isotype control for all cell lines tested), and signals measured for tetherin expression in the absence of Vpu or a Vpu-like factor were set as 100%. In the absence of viral protein expression, the following geometric mean channel fluorescence was measured for the cell lines tested: HeLa: 175 ± 58; 293T + tetherin: 48 ± 18; 293T + IFNα: 32 ± 13. Statistical significance was assessed using 2-tailed Student *t* test for paired samples. *P* values below .05 were considered significant (\*); *P* values below .001 were considered highly statistically significant (\*\*).](infdisjir378f04_ht){#fig4}

In contrast to Vpu, expression of the EBOV-GPs had no impact on total tetherin expression ([Figure 4](#fig4){ref-type="fig"}, *right panel*) and did not ([Figure 4*[A](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}, *left panel*) or did only slightly ([Figures 4*[B](#fig4){ref-type="fig"}* and 4*[C](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}, *left panels*) reduce cell surface levels of tetherin. Similar observations were made for MARV-GP, except that downregulation of surface-expressed tetherin in IFNα-induced 293T cells was efficient ([Figure 4](#fig4){ref-type="fig"}, *left panel*). Finally, KSHV-K5 did not alter total tetherin expression under all conditions tested but efficiently reduced tetherin levels at the surface of HeLa cells ([Figure 4*[C](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}). In contrast, surface expression of tetherin in transfected and IFNα-induced 293T cells was not modulated by K5 ([Figure 4](#fig4){ref-type="fig"}, *left panel*). These results indicate that interference of viral defense proteins with tetherin expression is cell type--dependent and that the reduction of surface and total tetherin expression does not necessarily correlate.

Tetherin Glycosylation Depends on the Source of Cellular Tetherin
-----------------------------------------------------------------

To explore potential reasons for the cell type dependence of tetherin antagonism, we asked if N-glycosylation of tetherin varied between cell lines. Western blot analysis revealed substantial size differences between tetherin in transfected 293T cells and tetherin in IFNα-induced 293T and HeLa cells ([Figure 5](#fig5){ref-type="fig"}); with signals ranging from 25--30 and 50--60 kDa corresponding to tetherin mono- and dimers, respectively. Digest of cell lysates with PNGase F, which removes all N-linked glycans, uniformly resulted in bands at approximately 20 and 40 kDa ([Figure 5](#fig5){ref-type="fig"}), which correspond to tetherin monomers and dimers, demonstrating that the differences in tetherin size observed for untreated cells were due to differential glycosylation, which might impact tetherin activity and sensitivity to counteraction by viral defense proteins.

![Glycosylation of tetherin is cell type--dependent. The 293T cells transfected with a tetherin expression plasmid, 293T cells induced by IFNα to express tetherin, and HeLa (expressing endogenous tetherin) were lysed, the lysates treated with PNGase F or mock treated, and the presence of tetherin analyzed by Western blot. Detection of β-actin levels served as loading control.](infdisjir378f05_ht){#fig5}

Vpu But Not Ebola Virus Glycoprotein Induces Accumulation of Tetherin in Intracellular Compartments
---------------------------------------------------------------------------------------------------

Expression of Vpu efficiently reduced tetherin surface levels in HeLa cells, while expression of ZEBOV-GP did not ([Figure 4](#fig4){ref-type="fig"}). We sought to clarify if these proteins also had differential effects on the cellular localization of tetherin. Immunofluorescence analysis of ZEBOV-GP-transfected HeLa cells revealed that the presence of ZEBOV-GP had no marked effect on the cellular distribution of tetherin ([Figure 6](#fig6){ref-type="fig"}). In contrast, expression of Vpu fused to YFP caused a marked accumulation of tetherin in intracellular vesicles ([Figure 6](#fig6){ref-type="fig"}), as expected from previous work \[[@bib1]\], indicating that Vpu but not ZEBOV-GP can modulate the intracellular localization of tetherin.

![Vpu but not the Ebola virus glycoprotein relocalizes tetherin into intracellular compartments. HeLa cells, which express endogenous tetherin, were transfected with plasmids encoding ZEBOV-GP (containing a C-terminal V5 tag) or Vpu fused to YFP or control transfected with empty vector, and expression of tetherin, ZEBOV-GP, and Vpu analyzed by immunofluorescence. The bar indicates a distance of 20 μm.](infdisjir378f06_3c){#fig6}

DISCUSSION
==========

The HIV-1 Vpu protein and the EBOV-GP counteract the antiviral host cell protein tetherin. While multiple lines of evidence indicate that the blockade of tetherin is important for HIV-1 spread in patients \[[@bib3]\], similar evidence is missing for EBOV. Conservation of tetherin antagonism between the GPs of different EBOV species and MARV would suggest biological relevance. Despite considerable sequence diversity---EBOV-GP and MARV-GP share only 28% amino acid identity---the GPs of all filoviruses tested here were able to counteract tetherin, indicating that tetherin antagonism might be important for efficient viral spread in infected primates.

Tetherin inhibits the release of VLPs driven by the HIV-1 Gag and the EBOV matrix protein VP40 \[[@bib1], [@bib6]\]. We compared the impact of EBOV-GP on Gag and VP40 release in the presence and absence of tetherin. Both ZEBOV-GP and SEBOV-GP promoted the release of VP40 particles but not Gag particles in the absence of tetherin ([Figure 1](#fig1){ref-type="fig"} and Supplemental Figure 1), an observation that precluded the use of VP40 for the analysis of tetherin antagonism. Augmentation of VP40 release by ZEBOV-GP is in agreement with results published by Licata and colleagues \[[@bib43]\] but not with previous work by Kaletsky and colleagues \[[@bib8]\]. The reasons for this discrepancy are at present unclear but might involve differences in ZEBOV-GP expression, processing, and maturation.

The observations that tetherin expression is inducible by IFNα \[[@bib1]\] and that uninduced macrophages, important target cells of filoviruses \[[@bib4]\], express endogenous tetherin \[[@bib35], [@bib39]\] suggest that tetherin could modulate filovirus infection in primates. Our data, particularly the finding that tetherin modestly reduced ZEBOV release from infected cells, lend further support to this hypothesis. A recent study that reported that expression of tetherin in 293 cells did not decrease ZEBOV spread \[[@bib44]\] seems to argue against a role of tetherin in filovirus spread. However, a substantially higher MOI (0.5) was used in this study compared with our study (MOI = 0.01) and modest inhibitory effects of tetherin might have been missed.

The immediate strategy for viruses to counteract tetherin is to reduce tetherin expression, and several reports indicate that Vpu indeed decreases cell surface levels of tetherin \[20--23, [@bib42], [@bib45]\]. Our results indicate that EBOV-GP, like Vpu, has the ability to interfere with tetherin surface expression (see [Figure 4*[B](#fig4){ref-type="fig"}*](#fig4){ref-type="fig"}). However, EBOV-GPs can clearly block tetherin by a mechanism other than downregulation since efficient tetherin counteraction in HeLa cells and particularly in transfected 293T cells was not paralleled by efficient reduction of tetherin expression at the plasma membrane, in agreement with recently published reports \[[@bib41], [@bib46]\]. While it cannot be excluded that moderate effects of EBOV-GPs on tetherin surface expression in HeLa cells were biologically meaningful, it is more likely that EBOV-GP interferes with the configuration or integrity of plasma membrane--inserted tetherin. In agreement with such a scenario, a FRET signal indicative of an interaction between GP2 and tetherin was only obtained with a GP2 harboring the fluorophore at its N-terminus. Alternatively, EBOV-GP--induced relocalization of tetherin might be responsible for tetherin antagonism. Thus, tetherin localizes to lipid raft microdomains in the plasma membrane \[[@bib15]\], which are also the location of HIV and EBOV budding \[[@bib47], [@bib48]\], raising the possibility that EBOV-GP blocks tetherin's antiviral activity by interfering with lipid raft localization of this protein or by redirecting the budding complex into certain lipid rafts in which tetherin is not present.

The ability of MARV-GP and KSHV-K5 to reduce cell surface expression of tetherin was cell type--dependent, and a similar observation was previously made for Vpu \[[@bib35], [@bib38]\]. The determinants underlying cell type dependence are at present unclear but might encompass expression differences or the need for a so far unidentified, differentially expressed cofactor for tetherin downregulation. We found that N-linked glycosylation of tetherin was dependent on the source of cellular tetherin, a finding that confirms and extends a previous report \[[@bib16]\]. While the integrity of the glycosylation signals seems to be largely dispensable for antiviral activity in transfected cells \[[@bib16], [@bib49]\], it can be speculated that a certain tetherin glycosylation pattern might not be compatible with optimal transport of the protein to sites of viral budding and/or with optimal recognition of tetherin by viral defense proteins. It should be noted, however, that glycosylation differences are unlikely to account for the differential interference of viral proteins with tetherin surface expression in HeLa and IFNα-treated 293T cells ([Figure 4](#fig4){ref-type="fig"}), since similar tetherin glycospecies were detected in these cells lines.

The counteraction of tetherin by Vpu depends on the interaction of the transmembrane domains of both proteins \[[@bib50]\]. An interaction between ZEBOV-GP and tetherin has also been demonstrated \[[@bib8]\], but the domain(s) in ZEBOV-GP, which bind to tetherin, are unknown. Our results indicate that the transmembrane unit of ZEBOV-GP, GP2, interacts with tetherin. Isolated GP2 was able to relocalize tetherin, while the entire ZEBOV-GP was not, indicating that GP1 arrests GP-tetherin complexes at the plasma membrane. A role for GP2 in tetherin interactions is perhaps not unexpected since the GP2 equivalent of the envelope protein of HIV-2, specifically its cytoplasmic tail, is required for efficient tetherin counteraction, although specificity for tetherin seems to be determined by the extracellular portion of the envelope (Env) \[[@bib11]\]. The tetherin-binding domain in GP2 is at present unknown. Our preliminary data suggest that the deletion of the cytoplasmic tails of EBOV-GP and MARV-GP is compatible with tetherin counteraction (data not shown). Future efforts to identify the tetherin-binding domain in GP2 should therefore focus on the role of the transmembrane domain and the extracellular portion of GP2 in tetherin binding and counteraction.

Supplementary Data
==================

Supplementary Data are available at *The Journal of Infectious Diseases* online.
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